The KISSPEPTIN-1 receptor (KISS1R) and its ligands (KISS-PEPTINS) are implicated in the regulation of the onset of puberty. We report the coding region and genomic structure of the kiss1r gene of a modern teleost, the Senegalese sole (Ss). Ss kiss1r cDNA contained an opening frame of 1137 bp, which results in a predicted 378 amino acid protein. Searching genomic databases allowed the identification of kiss1r orthologues in six new species belonging to three vertebrate groups and established the evolutionary relationships of all KISS1R sequences available to date. Analysis of Ss kiss1r revealed for the first time in any vertebrate KISS1R gene the presence of features that are characteristic of a mechanism of alternative splicing. This was confirmed by the identification of two transcripts, Ss kiss1r_v1 and Ss kiss1r_v2. The latter, arising from intron III retention, contained a 27 codons insert in transmembrane region 4 with two stop codons, suggesting it may lead to a truncated protein.
INTRODUCTION
The KISSPEPTIN-1 receptor (KISS1R, also referred to as GPR54) was first discovered in the rat [1] and human as an orphan receptor of the rhodopsin family [2, 3] . The cDNA coding region of the rat Kiss1r consists of 1188 bp encoding a 396 amino acid protein that exhibits significant identities in the transmembrane domains (TMDs) with the rat galanin receptors GALR1 (45%), GALR3 (45%), and GALR2 (44%) [1] . Sequence analysis revealed that the human orthologue of KISS1R encodes a protein of 398 amino acids in length and with 81% overall homology (100% identity) in the TMDs [2] .
Subsequent studies showed that the KISS1 gene product metastin, which is implicated in the suppression of tumor metastasis in melanomas, was in fact the natural ligand for KISS1R [3] . In humans, this ligand derives from a precursor of 145 amino acids, with a putative 19 amino acids signal sequence, two potential dibasic cleavage sites, and one putative site for terminal cleavage and amidation. The precursor generates several peptides by proteolytic cleavage [2] [3] [4] . Thus, metastin, also called KISSPEPTIN-54, is the major peptide [3] . Other smaller peptides derived from the same precursor include KISSPEPTIN-14, -13, and -10 [4] .
An important body of evidence is accumulating showing that the ligand-receptor complex KISSPEPTIN-KISS1R plays a central role in the appearance of puberty in all vertebrates through its involvement in the regulation of GnRH secretion [5, 6] . The discovery of this new role is considered a landmark in reproductive biology research [7] . In the mouse brain, Kiss1 is expressed in the anteroventral periventricular nucleus and the arcuate nucleus, two areas that have been associated, respectively, with the positive and negative feedback regulation of LH secretion exerted by sex steroids [8] . Mutations of KISS1R cause autosomal recessive idiopathic hypogonadotrophic hypogonadism in humans and mice, a syndrome characterized by the impaired secretion of FSH and LH, that leads to the formation of underdeveloped gonads and low plasma levels of the major sex steroids, testosterone and estradiol [9, 10] . Together, these observations have lead to the generalized view that this KISSPEPTIN-KISS1R signaling is essential for normal GnRH action and therefore for ordinary development during puberty [10, 11] .
Recently, the KISSPEPTIN-KISS1R complex has been shown to have a physiological role also in the cardiovascular system, associated with the presence of atherosclerosis because KISSPEPTIN-10, -13, and -54 exhibit potent vasoconstrictor action [12] . In addition, this system is also implicated in insulin secretion [13] and in the regulation of physiological trophoblast invasion during pregnancy [14] . Thus, although a central role of the KISSPEPTIN-KISS1R seems to be related with the control of reproduction, it appears that this ligand-receptor complex is involved in many physiological processes. Yet, demonstration of the physiological relevance of such putative roles is far from being settled. To learn more about KISS1R signaling, it is important to decipher its full cDNA sequence. Thus, KISS1R have been cloned in several mammalian species [1, 2, 15] . However, the genomic structure of KISS1R has been established so far only in human and mice, being structured into five exons and four introns [16] .
Contrary to the situation in mammals, studies on the kisspeptin-kiss1r system of fish, the largest group of vertebrates, is still scarce. Recently, the kiss1 gene has been identified in two fish models-the medaka (Oryzias latipes) and the zebrafish (Danio rerio)-using bioinformatic tools and synteny analysis [17, 18] . In both species, KISSPEPTIN-10 was the only peptide of the KISSPEPTIN subfamily highly conserved among vertebrates. On the other hand, the cDNA sequence of kiss1r has been reported in up to five different fish species to date. It was first cloned in the Nile tilapia (Oreochromis niloticus), with a coding region of 1131 bp, slightly shorter than that of mammals [19] . In the same study, expression of kiss1r in the brain was found in all three GnRH neuron types present in fish (GnRH1, GnRH2, and GnRH3) [20] , with a significant increase of expression during gonadal maturation. A similar pattern was observed in cobia (Rachycentron canadum) with an increase of mRNA levels of kiss1r in the brain during the early stages of puberty [21] . However, kiss1r expression in the brain of the grey mullet (Mugil cephalus) was elevated during early puberty but decreased in the late stages [22] . In a recent study, kiss1r was also cloned in the fathead minnow (Pimephales promelas), but in this species, mRNA levels increased just before the onset of puberty and then sharply decreased once puberty was underway [23] . Finally, in zebrafish, two kiss1r genes have recently been detected, kiss1ra and kiss1rb, with differences in gene expression during maturation. While kiss1ra expression was higher during puberty and low in mature fish, the kiss1rb expression levels were maintained in these stages [24] . Taken together, these studies show the relevance of KISS1R in the onset of puberty across vertebrates, but because of interspecies differences also suggest the existence of either a considerable degree of species variation in their regulation or a still unrecognized mode of regulation.
The Senegalese sole, Solea senegalensis, is a flatfish. Pleuronectiformes along with the pufferfishes (Tetraodontiformes) constitute the two most modern or derived types of teleosts [25] . This species has a good aquaculture potential in Europe [26] due to its market value and the possibility of reproduction in captivity [27] . Thus, recent studies have addressed various aspects of its development and reproductive biology [28] . In captivity, Senegalese sole females have a major spawning season around May and a second one in October. In contrast, males, particularly older males, can remain mature during most of the year. However, a recurring problem is that a significant portion of the broodstock fails to reproduce without an apparent explanation [28] . This lack of predictability is viewed as an obstacle to the development of the culture of this species. In addition, there is interest in finding methods to control puberty for farmed fish in general, to avoid undesirable effects of maturation and the genetic impact of escapees.
This study focuses on the characterization of the Solea senegalensis kiss1r gene (Ss kiss1r), a fish species phylogenetically different from all other species where work on kiss1r has been carried out so far. The aim was to contribute to our understanding of the control of puberty in vertebrates. We present the complete Ss kiss1r gene sequence, report the identification of six new sequences of kiss1r, and establish the evolutionary relationships of all KISS1R sequences available to date. Most importantly, this study provides the first evidence of the existence of a mechanism of alternative splicing for any KISS1R described so far, which may be important in the regulation of KISS1R gene expression in this and other vertebrate species, including humans. 
MATERIALS AND METHODS

Animals
Cloning of a Senegalese Sole kiss1r Gene
Total RNA was isolated from frozen brain tissue with TRIZOL Reagent, its quality checked in a 1.5% agarose gel, and its quantity measured by fluorescence using Qubit (Invitrogen, Carlsbad, CA). All RNAs were treated with DnaseI to avoid genomic contamination in the RNA. cDNA synthesis was performed by using 1 lg of RNA with Superscript II reverse transcriptase and random hexamer primers (Invitrogen) in a 20 ll reaction volume according to the manufacturer's instructions.
A partial cDNA sequence of Ss kiss1r was first isolated by PCR using degenerated oligonucleotides of kiss1r (SsKISS1R-F2 and SsKISS1R-R2) ( Table 1 ) designed based on previously published sequences of rat (NM_023992) [1] , human (NM_032551) [2] , mouse (NM_053244) [15] , Nile tilapia (AB162143), and zebrafish (XM_685300). PCR reactions were carried out using 1 lg of RNA (1 ll of cDNA) in a final volume of 25 ll containing 2.5 ll of 103 reaction buffer, 1.5 mM MgCl 2 , 0.2 mM of each dATP, dCTP, dGTP, dTTP, 50 pmol of each primer, and 0.1 ll of Taq polymerase (Promega, Madison, WI). Cycling parameters consisted in an initial heat denaturation step at 958C for 3 min followed by 35 cycles of 30 sec at 958C, 30 sec at 508C, and 1 min at 728C, and finished with a final extension step at 728C for 5 min. A PCR of bactin gene was used as a positive control to verify the quality of the cDNA synthesis. Bands of expected size were purified (Qiaquick-Qiagen, Valencia, CA), ligated into pGEM-T Easy vector (Promega), and transformed in E. coli competent cells following the manufacturer's instructions. White colonies were selected from X-Gal/IPTG ampicillin agar plates and grown in LB/ampicillin liquid media. Plasmids were purified using the IDPURE Spin Column Plasmid DNA Miniprep Kit (ID Labs, Inc., AttendBio, Barcelona). The plasmid DNA was purified and sequenced with universal primers using an ABI PRISM 377 automatic sequencer (Applied Biosystems, Foster City, CA). The resulting DNA sequences were compared by BLAST analysis to known mammalian and piscine KISS1R cDNA sequences available at GenBank.
Based on this partial sequence, the complete coding region was obtained with a combination of specifically designed primers for Senegalese sole with primers designed from conserved regions from several teleost fish (KISS1R-fishes-F and KISS1R-fishes-R) ( Table 1 ) that were already available or became available when this study was underway, including Nile tilapia (AB162143) [19] , cobia (DQ790001) [21] , Atlantic croaker (DQ347412), and grey mullet (DQ683737) [22] . PCR products were directly sequenced using an ABI PRISM 377 (Applied Biosystems). Partial sequences were assembled and edited by Bioedit software version 7.0.5.3 [29] . 
SPLICE ISOFORMS OF kiss1r IN A MODERN FISH
Sequence Analysis and Phylogenetic Tree of Vertebrate KISS1R Genes
The partial sequence of Ss kiss1r was used to search public databases of full genomic sequences in Ensembl (www.ensembl.org). The resulting sequences with lower BLAST E-values were used for subsequent sequence comparison and phylogenetic tree construction. Resulting orthologues sequences were aligned using Clustal W [30] and edited in Bioedit. Sequence alignment was based on the TMDs because adjacent regions were difficult to align and therefore to assign homology among the amino acid residues. A phylogenetic tree was constructed by the neighbor-joining method using amino acid Poisson distance [31] . Evaluation of statistical confidence in nodes was based on 500 nonparametric bootstrap replicates [32] . All phylogenetic analyses were carried out in MEGA version 4 [33] .
Genomic Structure of the kiss1r Gene
To obtain the complete coding region and genomic structure of the Ss kiss1r gene, genomic DNA was extracted from biopsies of epaxial muscle. Tissues (100 mg) were incubated overnight at 558C in 1 ml of lysis solution (10 mM Tris-HCl, pH 7.5; 25 mM EDTA, pH 8; 0.5% SDS; 100 mM NaCl), and 10 ll of proteinase K (10 mg/ml). Then, 5 ll of RNase A (10 mg/ml) were added and incubated at 558C for another 30 min. DNA was cleaned by a wash of equal volume of phenol/chloroform and a second wash of chloroform/ isoamyl alcohol. DNA was then precipitated by centrifugation with 95% ethanol, washed with 70% ethanol, dried by air, and eluted in 50 ll of sterile water. The quantity of DNA was measured by fluorescence, and its quality was checked with a 1.5% agarose gel.
Long-distance PCRs (Roche, Manheim, Germany) were carried out to obtain the intron sequence using 1 ll of genomic DNA with a combination of specific primers (RT-KISS1R-F1, RT-KISS1R-R1; intron2-F, intron2-R; RT-KISS1R-F3, RT-KISS1R-R3; RT-KISS1R-F4, RT-KISS1R-F4; Table 1 ) located in the five exons. All PCR reactions were carried out in a final volume of 25 ll containing 2.5 ll of 103 buffer and 0.375 ll of expand long template enzyme mix. PCR was carried out with an initial heat denaturation at 928C for 2 min, followed by 10 cycles of 10 sec at 928C, 30 sec at 528C, and 50 sec at 688C, and 25 cycles of 15 sec at 928C, 30 sec at 528C, and 30 min at 688C with an addition of 20 sec in each cycle, and finished with the final extension step at 688C for 7 min. PCR products were analyzed by 1.5% agarose gels, and bands of the expected size were cut and purified by gel extraction (Qiaquick-Qiagen). DNA was sequenced with an ABI PRISM 377 (Applied Biosystems).
Tissue Distribution of Ss kiss1r mRNA in Adult Males and Females
Genomic DNA contamination in cDNA was checked with a primer combination (RT-KISS1R-F3 and RT-KISS1R-R4; Table 1 ) that included intron III and IV using brain cDNA and genomic DNA as templates. The tissue distribution of Ss kiss1r in adult animals was studied by RT-PCR in brain, ovary, testis, liver, muscle, stomach, heart, spleen, intestine, kidney, and gallbladder. Primers located between exons 3 and 4, including intron III (RT-KISS1R-F3 and SR4) ( Table 1) , were specifically designed to amplify both isoforms, i.e., Ss kiss1r_v1 and Ss kiss1r_v2 (see Results and Discussion for specific details). The PCR products resulting from this combination of primers were 310 and 390 bp in length corresponding to Ss kiss1r_v1 and Ss kiss1r_v2, respectively. In all cases, tissue dissection, RNA extraction, and cDNA synthesis followed the protocols described above. PCR amplification of the kiss1r_v1 transcript was performed using a initial heat denaturation step at 958C for 5 min, followed by 35 cycles of 1 min at 958C, 1 min at 558C, and 2 min at 728C, and finished with a final extension step at 728C for 10 min. PCR amplification of the 18s gene was used as reference to check for reverse transcription efficiency, and a no template control (NTC) was included to ensure that no contamination occurred. All PCR products were run on 1.5% agarose gel electrophoresis and subsequently sequenced to verify their authenticity.
Determination of Ss kiss1r_v1 and Ss kiss1r_v2 mRNA Levels in Brain and Gonads of Pubertal and Mature Animals
The expression pattern of Ss kiss1r_v1 and Ss kiss1r_v2 was analyzed in both brain and gonads (testis and ovaries) comparing pubertal and mature males and females by real-time quantitative PCR (qPCR). The maturation stage of fish was determined not only by size segregation but also by macroscopic examination of the gonads. Thus, males starting spermatogenesis and females .20 and ,30 cm total length (TL) were considered pubertal [27] . Males with sperm were considered mature, and females with oocytes in final stages of development were also considered mature [34] . Mean weight of pubertal and mature fish was 137.8 6 48.5 and 865.4 6 299.8 g (mean 6 SD) and mean size (TL) were 21.67 6 2.27 and 44.97 6 5.13 cm, respectively. For each sex and maturation stage, six fish were analyzed. Tissue dissection, RNA extraction, and cDNA synthesis followed the protocols described above. The set of primers used were specifically designed to amplify the Ss kiss1r_v1 (RT-KISS1R-F3 and KISS1R-Insert(-)-R) and Ss kiss1r_v2 (Ss kiss1r_v2-F1 and Ss kiss1r_v2-R1) isoforms separately ( Table 1) .
The qPCR amplification reaction mixture contained 1 ll of cDNA (freshly synthesized from 0.66 lg of RNA), 10 lM of each primer, and 10 ll of SYBR Green PCR Master Mix (Applied Biosystems) in a final volume of 20 ll. Thermal cycling conditions comprised heating to 958C for 10 min to activate the HotStarTaq DNA Polymerase, 40 cycles at 958C for 15 sec, and 608C for 1 min. At the end of the PCR cycles, the qPCR products were immediately analyzed using a dissociation curve step to confirm that only a single PCR product was amplified. To check for external DNA contamination, NTC reactions for every primer pair were also included on each reaction plate. The amplification efficiency (E) of each primer set/gene target was assessed as E ¼ 10 (À1/slope) as determined by linear regression of a series of dilutions of the input RNA.
Data were analyzed using the comparative C t method [35] (also known as the DDC t method) to calculate relative changes in gene expression. Fold change (the relative quantification, RQ) was calculated from the DDC t . Fold change 
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was normalized to the endogenous reference gene bactin. Determinations were carried out in technical triplicates for the Ss kiss1r_v1, Ss kiss1r_v2, and bactin genes. The RQ values for each sample were averaged and the standard error was calculated, yielding the average fold change of the target gene.
Statistical Analyses
All statistical analyses were performed using the SPSS v13 Software. Messenger RNA levels of Ss kiss1r_v1 and Ss kiss1r_v2 in brain and gonads from pubertal and mature males and females were compared by a multifactorial ANOVA. Expression levels for each isoform during maturation were analyzed by a one-way ANOVA or Student t-test in the pairwise comparisons. All data are reported as mean 6 SEM. Differences were accepted as significant when P , 0.05.
RESULTS
Cloning of the Complete Ss kiss1r Gene
The initial cloning of 833 bp corresponding to a partial sequence of Ss kiss1r facilitated the cloning of the full Ss kiss1r coding region. The complete coding region comprised 1137 bp that results in a predicted 378 amino acid protein (Fig. 1) . The sequence data was submitted to GenBank under accession number EU136710. Overall, amino acid sequence identity with other piscine and mammalian KISS1Rs ranged between 87%-88% and 72%-75%, respectively.
The homology of the deduced amino acid residues of Ss kiss1r to the corresponding sequence of other piscine kiss1r is shown in Figure 2 . Analysis of the predicted amino acid sequence of Ss kiss1r revealed seven putative TMDs. TMD 3 was identical to those of all fish analyzed to date, whereas TMDs 1, 2, 4, 5, 6, and 7 had 85%-95% similarity. Sequence analysis also identified four potential N-glycosylation sites.
In Silico Cloning and Phylogenetic Analysis of KISS1R of Vertebrates
The high conservation in the TMDs sequences across vertebrates allowed screening of the available genomic sequences
with that of other fish: zebrafish kiss1ra (ABV44612), Atlantic croaker (ABC75101), cobia (ABG82165), grey mullet (ABG76790), and Nile tilapia (BAD34454). Predicted transmembrane domains (TMDs) are boxed and numbered. The putative N-glycosylation sites are underlined. Numbers indicate amino acid number. The zebrafish kiss1rb was not included because of its low homology. Likewise, the fathead minnow sequence was not included because it is not complete. IN A MODERN FISH of additional species. As a result, we obtained six new sequences of KISS1R for one species of mammal, lesser hedgehog (Echinops telfair), one amphibian, clawed frog (Xenopus tropicalis), and four new sequences of fish: tetraodon (Tetraodon nigroviridis), pufferfish (Takifugu rubripes), medaka (Oryzias latipes), and three-spined stickleback (Gasterosteus aculeatus) ( Table 2 ). In all the new sequences, except for that of the lesser hedgehog, the seven TMDs were fully recognized with a minimum BLAST Evalue of 9 3 10 À08 and a maximum of 9 3 10
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. Here it is worth mentioning that an extensive search in public databases failed to find any positive match that would correspond to the KISS1R of birds. The new sequences (Table 2) were joined to the previously published data of KISS1R sequences to form a data set of 22 different sequences of KISS1R. The structure of the resulting phylogenetic tree comparing all 22 KISS1R sequences was organized in four main groups: mammals, amphibians þ zebrafish kiss1rb, fish, and invertebrates (echinoderm). The purple sea urchin (Strongylocentrotus purpuratus) was used to root the tree (Fig. 3) .
Genomic Structure of Ss kiss1r and Presence of Two mRNA kiss1r Transcript Variants
The genomic organization of the Ss kiss1r revealed (following the mammalian nomenclature) the presence of 4 introns: intron I (2.5 kb), intron II (0.2 kb), intron III (81 bp), and intron IV (1.3 kb) . A specific RT-PCR with primers that covered the whole intron III plus parts of exons 3 and 4 ( Fig.  4A) (Fig. 4B) . These two transcripts exhibited distinct expression patterns among tissues. For instance, the ovary and the gallbladder expressed only the Ss kiss1r_v2 isoform, whereas the intestine only expressed Ss kiss1r_v1 (Fig. 4B ). Sequence analysis of Ss kiss1r_v1 and Ss kiss1r_v2 amplicons revealed that Ss kiss1r_v2 contained the entire intron III, suggesting that intron III was retained in this transcript. The entire fragment was cloned, and the resulting sequence was checked by BLAST. The insert (intron III) was located within the TMD 4 and encoded 27 codons, including two premature termination codons (PTCs) at positions 180 and 188 (Fig. 5 shows an overview of the genomic organization of the kiss1r). The presence of genomic contamination in the RNA extraction was discarded since RT-PCR of a fragment spanning from exon 3 through exon 5, and therefore including the intron III-insert, failed to amplify intron IV but the intron III-insert was still detected, yielding two PCR products of 440 bp and 360 bp. Furthermore, the positive control using genomic DNA amplified the whole fragment, including intron IV, resulting in a PCR product of 1700 bp (Fig. 4C) .
Changes in Ss kiss1r_v1 and Ss kiss1r_v2 mRNA Levels in Brain and Gonads Related to Maturation Status and Sex
The expression pattern of Ss kiss1r_v1 and Ss kiss1r_v2 was analyzed by a specific qPCR for each isoform in the brain and gonads, comparing pubertal and mature fish of each sex. The brain expressed both isoforms, with Ss kiss1r_v1 being always more abundant than Ss kiss1r_v2 (Fig. 6A) . The average expression in the four groups of brain samples (pubertal and mature males, and pubertal and mature females) for the Ss kiss1r_v1 (0.468 6 0.08, N ¼ 16) was significantly (P ¼ 0.029) higher than the average expression level for Ss kiss1r_v2 (0.244 6 0.06, N ¼ 17). A multifactorial ANOVA (sex, stage of development, and isoform) revealed significant differences dependent on the isoform (P ¼ 0.015) and maturation stage (P ¼ 0.008) but not for sex (P ¼ 0.7). Thus, regardless of sex, significant differences in mRNA between Ss kiss1r_v1 and Ss kiss1r_v2 were only found in mature but not pubertal animals. Further, a one-way ANOVA for each isoform considered separately showed that levels of Ss kiss1r_v1 increased as males matured but differences were not significant. The females had the opposite pattern, with levels of Ss kiss1r_v1 of mature females significantly (P , 0.05) lower than those of pubertal females (Fig. 6A) . Likewise, a one-way ANOVA for Ss kiss1r_v2 showed only significant differences between FIG. 3. Phylogenetic tree of the vertebrate KISS1R constructed based on the amino acid sequence of the seven transmembrane domains (TMDs) of KISS1R using the neighbor-joining method. The tree is drawn to scale with branch lengths in the same units as those of the evolutionary distances. The scale indicates the number of amino acid substitutions per site estimated using the Poisson correction method. Accession numbers: mouse (AAK83236), human (AAK83235), rat (AAD19664), dog (XM_850105), grey mullet (ABG76790), pig (ABE73453), Rhesus macaque (XP_001117198), bullfrog (ACD44939), Nile tilapia (BAD34454), zebrafish kiss1ra (ABV44612), zebrafish kiss1rb (ABV44613), fathead minnow (ABV45419), cobia (ABG82165), Atlantic croaker (ABC75101), and Senegalese sole (EU136710). Lesser hedgehog, clawed frog, pufferfish, medaka, tetraodon, and three-spined stickleback amino acid sequence are predicted after screening whole genome sequences databases (Ensembl database). The tree was rooted using the predicted purple sea urchin KISS1R (XM_001188545); in silico cloned sequences are underlined. Bar indicates genetic distance. pubertal and mature females, again with the latter exhibiting lower Ss kiss1r_v2 mRNA levels than the former. Messenger RNA levels of the two isoforms cannot be readily compared between brain and gonads because although the initial amount of RNA was exactly the same for all tissues, the reference sample used to calculate DDC t was specific for each tissue. The gonads also expressed both isoforms, but the opposite situation with respect to the brain was observed, with Ss kiss1r_v1 mRNA levels being always less abundant than the corresponding Ss kiss1r_v2 mRNA levels (Fig. 6B) . Significant (P , 0.001) differences in mRNA between Ss kiss1r_v1 and Ss kiss1r_v2 were found only in pubertal females. A multifactorial ANOVA showed that significant differences in expression were observed depending on the isoform (P ¼ 0.006) and sex (P , 0.001), but not the maturation stage (P , 0.05). One-way ANOVA for Ss kiss1r_v1 showed no significant differences between stages. The same type of analysis for Ss kiss1r_v2 showed significant differences only between pubertal or mature females and mature males (Fig.  6B) . To analyze potential changes in relative abundance, the Ss kiss1r_v1 to Ss kiss1r_v2 ratio was calculated and found to be higher in the brain as compared to the gonads. Further, it increased from pubertal to mature animals regardless of sex in the brain, did not change in the gonads of males, and decreased in the gonads of females (data not shown).
DISCUSSION
In this paper, we report the isolation and sequence of the complete coding region of the Ss kiss1r gene and its genomic organization. The gene contained an open reading frame of 1137 bp that results in a predicted protein 378 amino acid long. This sequence has high similarity with the corresponding sequence of other teleost fish (.87%) [19, [21] [22] [23] [24] and with that of some species of mammals (.72%) including rat, mouse, and human [1, 2, 36] .
This elevated conservation allowed for the identification of up to six new unpublished sequences of KISS1R that were obtained after several searches in the genomic public databases. These new sequences comprised one mammal, one amphibian, and four fish species. The combined data set presented an extremely high sequence homology in the seven TMDs, which are a common feature of the rhodopsin superfamily of G protein-coupled receptors to which KISS1R belongs [2] . The very low BLAST E-values observed in all cases negate the possibility that the identified sequences could correspond to receptors other than KISS1R, such as the rhodopsin or galanin receptor. Even in the case of the lesser hedgehog (Echinops telfair), which had an BLAST E-value of 9 3 10 À08 , it can be safe to consider that the receptor cloned in silico is indeed KISS1R because it falls within the mammalian cluster in the phylogenetic tree, supported by a 99% bootstrap value (Fig. 3) . Finally, the high degree of conservation in the transmembrane domains is in agreement with the observation that most of the receptors of this family use the cavity between the TMDs as the binding site for their corresponding ligands [37] .
The phylogenetic tree presented in this study establishes the evolutionary relationships of all KISS1R sequences available to date and six new species obtained by in silico cloning. The topology of the tree agrees with the accepted evolutionary relationships of extant vertebrates, with a clustering in four main groups, with all fish sharing a common ancestor. However, unexpected phylogenetic relationships were observed for the paralogous zebrafish kiss1r genes. The kiss1rb gene is clustered in paraphyly to kiss1ra within the amphibian cluster, with a similar sequence similarity of about 70% with clawed frog and with the recently cloned bullfrog [38] . Thus, with a higher number of sequences and additional information, the kiss1rb no longer clusters with the mammalian sequences, as described originally [24] . On the other hand, we do not have any satisfactory explanation regarding the fact that extensive searches in public databases failed to locate any positive match with any putative avian KISS1R; other than in this taxa, this gene has suffered extensive sequence changes with respect to the consensus sequence of most vertebrates.
The study of the genomic structure of the Ss kiss1r gene revealed the same organization as found in other vertebrates, comprising five exons and four introns [16] . Recently, the coding sequence of the kiss1r of five teleost species was obtained [19, [21] [22] [23] [24] , and the predicted gene structure agreed with the mammalian genomic organization, including four showing the major primer combinations used in this study. Combination C1: RT-KISS1R-F3/RT-KISS1R-R4, used to determine the presence of the two isoforms in the tissue distribution experiments; C2: RT-KISS1R-F3/SR4, used to check for genomic contamination; C3: RT-KISS1R-F3/KISSR1 Insert (-)R, used to specifically amplify Ss kiss1r_v1 in the qPCR experiment carried out to determine changes of this isoform in the brain and gonads due to sex and maturation stage; C4: Ss kiss1r_v2-F1/Ss kiss1r_v2-R1, used to specifically amplify Ss kiss1r_v2 in the qPCR experiment mentioned above. B) Tissue expression of the kiss1r gene in mature Senegalese sole. Total RNA was prepared from brain, ovary, testis, liver, muscle, stomach, heart, spleen, intestine, kidney, and gallbladder of four fish. Messenger RNA of the two isoforms was detected by RT-PCR. The 18s ribosomal gene was amplified as a control to check the integrity of the cDNA. A photograph of a representative gel is shown. C) Photograph of an agarose gel showing a RT-PCR carried out with primer combination 2 to discard the presence of genomic DNA contamination in the cDNA samples. Lane numbers are: 1) 100 bp ladder; 2) brain cDNA; 3) genomic DNA; and 4) no template control. IN A MODERN FISH predicted intron-exon boundaries. When the intron and exon sequences obtained through long-distance PCR of the Senegalese sole genomic DNA were analyzed, the four introns (introns I-IV, following the mammalian nomenclature) were positively detected.
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RT-PCR of the tissue distribution analysis revealed the presence of two transcripts differentiated in about 80 bp in length. The larger mRNA form, named Ss kiss1r_v2 (390 bp) contained intron III, whereas the short transcript (310 bp), named Ss kiss1r_v1, did not. Sequence inspection of intron III revealed the presence of several features characteristic of an alternative splicing mechanism, namely, a 3 0 splice site (3 0 ss), a potential branch point, and a polypyrimidine track (Fig. 7 ) [39, 40] . The relative weakness of these alternatively splice signals and the fact that the sequence is not fully consensus, particularly at the 5 0 splice site (5 0 ss; GTTTGT instead of GTAAGT), can facilitate the regulation of the alternative splicing process, resulting in a different expression of the two isoforms among tissues. In this regard, an association between sequence diversification at the 5 0 ss and the possibility of regulation has been observed [41, 42] . Furthermore, intron III encoded 27 codons and included two PTCs in TMD 4, most likely leading to the generation of a putative truncated receptor isoform lacking the three latter TMDs. This would result in a completly nonfunctional receptor because the cavity between the seven TMDs where the ligand binding site is located [37] cannot be formed. The generation of mRNA variants containing PTCs is viewed as a characteristic result of alternative splicing, which can affect as much as one third of mammalian genes, and is emerging as an important mechanism for the control of gene expression [43] . Taken together, it can be reasonably assumed that Ss kiss1r_v1 generates the functional protein from an mRNA isoform of 1137 bp. In contrast, Ss kiss1r_v2 generates an mRNA product of 1218 bp that, based on the situation of other G protein-coupled receptors, presumably results in a truncated form of the receptor with a complete absence of binding capacity with the ligand, although we do not have direct evidence of this. This Student t-test results, comparing the two isoforms within a given sex and maturation stage, is also depicted, with asterisks indicating significant differences (P , 0.05). NS, not significant. outcome is different from the situation recently observed in zebrafish, where two paralogous genes were identified [24] , most likely being the consequence of gene duplication.
Intron retention due to alternative splicing has previously been described as a possible mechanism to form truncated and untruncated isoforms of several transmembrane receptors [44] . For instance, in the growth hormone-releasing hormone receptor, another G protein-coupled receptor, retention of an intron due to alternative splicing results in the generation of a truncation of the fifth TMD in sheep, zebrafish, and human, [45] [46] [47] . Because most of the members of the family of G protein-coupled receptors have in common the presence of several isoforms [48] , recently it was pointed out that, surprisingly, no isoforms had been found in any of the KISS1R described so far [49] . At present, the biological significance of SS kiss1r_v2 is not known, but based on the situation in other G protein-coupled receptors, it seems reasonable to expect that the generation of Ss kiss1r_v2 could serve as a way to control the relative amounts of the functional Ss kiss1r isoform. Nevertheless, by presenting evidence for the existence of alternative splicing in a member of the kiss1r subfamily, our study represents, to the best of our knowledge, the first identification of KISS1R isoforms in any vertebrate. If confirmed to be present also in other species, splice variants in the KISS1R gene could help in the interpretation of new information concerning the physiological relevance of KISS-PEPTIN-KISS1R signaling in central and peripheral tissues.
Interestingly, one of the causes of hypogonadotropic hypogonadism in humans was related to a deletion of 155 bp at the intron IV-exon 5 junction of KISS1R [10, 50] . This genomic deletion produces a truncated receptor in the third intracellular loop and, as a consequence, is unable to properly stimulate the transduction pathway [10] . In the Sengalese sole, both forms are expressed in the brain, and because Ss kiss1r_v1 is more abundant, it could be, in principle, sufficient to drive puberty. Therefore, it can be hypothesized that in Senegalese sole in which only the truncated isoform is expressed in the brain or is clearly predominant over the functional isoform could lead to an impairment of puberty similar to the one described by hypogonadotropic hypogonadism deficiency in humans; this can account for the observed lack of reproductive performance in some farmed fish [28] . The functional impact of the presence of the two isoforms discovered in this study is likely more related to a regulation of expression of the gene through alternative splicing [43] , rather than a possible interaction of Ss Kiss1r_v2 with the ligand, a possibility that can be discarded since Ss Kiss1r_v2 lacks some of the TMDs essential for the formation of the ligand-binding cavity. Thus, competition for the ligand between the two receptor isoforms is also very unlikely. Alternatively, dimerization of the two isoforms could also compromise receptor function. All these functional effects are likely to be more accentuated in the brain because KISSPEPTIN is produced in this tissue. Additional, studies with expression, functional analyses, and location of the different spliceforms are needed to test these hypotheses. In this regard, preliminary attempts to characterize Ss kiss1 have been unsuccessful, but when it is eventually available, it will facilitate the functional studies.
Both Ss kiss1r isoforms were detected in several tissues as determined by RT-PCR. This observation is in agreement with the reported widespread expression of KISS1R in mammals and is consistent with the several physiological functions in which KISSPEPTIN-KISS1R signaling is thought to be implicated [4, 9] . However, it was beyond the scope of the present study to find out how the levels of the two isoforms change under a variety of different experimental conditions in all of these tissues. Likewise, protein analysis at this stage is hampered by the lack of appropriate antibodies. Instead, efforts were focused on changes of mRNA levels of the two isoforms in the brain and gonads at two different stages of maturation, where KISS1R has been shown to be implicated in the control of puberty in vertebrates.
Real-time PCR analysis was performed separately for Ss kiss1r_v1 and Ss kiss1r_v2, and showed different expression patterns depending of the tissue. In the brain, Ss kiss1r_v1 mRNA levels significantly exceed those of Ss kiss1r_v2. Significant differences in expression were detected between pubertal and mature females, which had mRNA levels of both isoforms significantly reduced during maturation. This result is consistent with the observed decrease of kiss1r mRNA levels during the advancement of puberty in the brain of fathead minnow [23] and of zebrafish, particularly in the expression level of the kiss1ra gene [24] . However, in other studies, the opposite was observed, i.e., an increase of kiss1r expression as puberty advanced is observed in Nile tilapia [19] and cobia [21] . Furthermore, still other studies found no apparent changes. Thus, Kiss1r gene expression levels were maintained in pre-and postpubertal mice [51] , or differences were not observed in the hypothalamus of adult female rats during the reproductive cycle [52] .
In the gonads, and contrary to the situation observed in the brain, the predominant isoform was Ss kiss1r_v2. However, no statistical differences were observed for any of the two isoforms as maturity advanced. This is in agreement with studies carried out in rats where the ovarian expression of KISS1R did not fluctuate during ovulation [53] , but contrasts with the pattern observed in grey mullet, where ovarian expression of kiss1r increased as the pubertal stage advanced [22] . Overall, levels of Ss kiss1r_v1 were higher in testis than in ovaries, but the biological significance of this apparent difference remains to be determined.
Based on the information gathered to date, and with the contribution of the study with the Senegalese sole presented here, it can be concluded that both Ss kiss1r isoforms are expressed differentially in the brain and gonads, and most likely also in several peripheral tissues for which a physiological role of kiss1r has not been established. However, since the KISSPEPTIN-KISS1R system appears to have such an important role controlling reproduction, it is difficult to conceive of the existence of considerable interspecies variations, at least in expression patterns of KISS1R in the brain and gonads during puberty. Thus, when fish are included, the pattern of expression may be species-specific or at best groupspecific, with no apparent general pattern for vertebrates, as it could have been previously deduced when considering only the situation observed in mammals. This may reflect the large biological diversity of fish with several reproductive strategies that include semelparous, iteroparous, neotenic, and hermaphrodite species. Alternatively, it is tempting to suggest that perhaps some of the observations made so far should be viewed in light of the possible existence of splice variants of KISS1R also in other species because, if present, they could have influenced the observed expression levels depending upon the primer combinations used. In any case, it seems advisable to standardize protocols, particularly in animals that reproduce seasonally, and to use as many sampling points as possible in order to obtain meaningful profiles. Examples of such profiles include those observed in the rat [54] , fathead minnow [23] , and zebrafish [24] . Doing this would contribute to a better understanding of the precise regulation of reproduction by KISSPEPTIN-KISS1R signaling, including the onset of puberty and the following reproductive cycles. In summary, in this study, we have obtained the full genomic sequence of kiss1r in a modern teleost, identified six additional new, unpublished sequences of KISS1R belonging to three distinct vertebrate groups, and provided the evolutionary relationships of all KISS1R sequences available to date. We have also presented the first evidence of alternative splicing of kiss1r and mentioned the possibility that this could explain some apparent inconsistencies observed in past studies when analyzing the pattern of KISS1R expression in the brain and gonads. If generalized to other species (including mammals), this may constitute an additional level of complexity in the regulation of KISS1R expression worth taking into consideration.
